Tumor cells have a tendency to use glucose fermentation to obtain energy instead of mitochondrial oxidative phosphorylation (OXPHOS). We demonstrated that this phenotype correlated with loss of ERK5 expression and with reduced MHC class I expression. Consequently, tumor cells could evade cytotoxic T lymphocyte (CTL)-mediated immune surveillance, but also increase their sensitivity to natural killer (NK) cells. These outcomes were evaluated using two cellular models: leukemic EL4 cells and L929 transformed fibroblasts and their derived r cell lines, which lack mitochondrial DNA. We have also used a L929 cell sub-line that spontaneously lost matrix attachment (L929dt), reminiscent of metastasis generation, that also downregulated MHC-I and ERK5 expression. MHC-I expression is lower in r cells than in the parental cell lines, but they were equally sensitive to CTL. On the contrary, r cells were more sensitive to activated NK cells than parental cells. On the other hand, L929dt cells were resistant to CTL and NK cells, showed reduced viability when forced to perform OXPHOS, and surviving cells increased MHC-I expression and became sensitive to CTL. The present results suggest that when the reduction in MHC-I levels in tumor cells due to glycolytic metabolism is partial, the increase in sensitivity to NK cells seems to predominate. However, when tumor cells completely lose MHC-I expression, the combination of treatments that increase OXPHOS with CTL-mediated immunotherapy could be a promising therapeutic approach.
Introduction
During tumorigenesis, tumor cells need to obtain nutrients for their rapid growth. Early studies by Otto Warburg 1 found that, even in the presence of oxygen, most cancer cells metabolize glucose by fermentation even though it generates ATP less efficiently than the aerobic processes of OXPHOS, which takes place in mitochondria. Our previous data demonstrated that this tendency toward fermentation was related to a decrease on MHC class I expression through inactivation of the ERK5 pathway. 2 Cancer cells could use this mechanism to evade immune-surveillance. In fact, the "cancer immune-editing" model proposes that the appearance of clinically detectable tumors may be the result of the proliferation of cells that have been selected to escape the immune response. 3, 4 We have recently shown that leukemic cells also suffer these immune-surveillance and immune-selection processes. 5, 6 One of the most relevant mechanisms for immune escape could be the aberrant, including total or partial loss, of MHC-I expression. 4, 7, 8 In addition to mediate self-recognition, MHC-I present endogenously synthesized tumor antigens to CD8 C CTLs. Changes in MHC-I expression could allow tumor cells to avoid CTLs and thereby an adaptive immune response. 4, 7, 8 Hence, an interesting possiblity, although not demonstrated experimentally, would be to treat cancer cells with drugs, such as the pyruvate dehydrogenase kinase 1 inhibitor dichloroacetate (DCA), that, on one hand, would reduce tumor growth rate, 9, 10 and on the other, would increase MHC-I expression allowing their sensitization to CTL. 2 In this context, it has been recently demonstrated that metformin, an antidiabetic drug that induces OXPHOS in cancer cells, increases MHC-I expression in breast carcinoma tumor cell lines. 11 Another lymphocyte lineage, the NK cell, has also a critical role in antitumor immunity. [12] [13] [14] In particular, NK cells target tumor cells that have evaded the control of CTL by down-regulating MHC-I expression, since several of their inhibitory receptors recognize self MHC-I as ligands. 15, 16 Nevertheless, NK cell activating receptors recognize ligands on distressed cells, such as tumor of virus-infected cells, and the final outcome depends on the balance between activating and inhibitory signals.
14, 17 The abundance of NK cells in the peripheral blood and spleen may be of particular benefit in blood-borne cancers, such as leukemias/lymphomas. In fact, NK cell alloreactivity in hematological cancers improves prognosis. [18] [19] [20] Murine leukemic cells with reduced ERK5 expression show low levels of MHC-I at the cell surface. This is associated with ERK5 transcriptional regulation of both chains of MHC-I, the a heavy chain and the b2-microglobulin. 21 Tumor cells expressing low ERK5 levels, which are metabolically deficient to perform OXPHOS, 2 activate NK cells and induced an immune response against parental tumor cells when injected in syngenic mice. 21 Hence, the metabolic remodeling described in tumor cells can also sensitize them to NK cell-mediated tumor immune surveillance.
In this study we have evaluated the effect of tumor cell metabolims on tumor immune escape using two cellular models: the murine leukemia EL4 and the L929 transformed fibroblasts and their derived r cell lines. r cells should be considered as an extreme case of the Warburg effect, since they lack mitochondrial DNA and, as a consequence, are completely dependent on glycolysis for survival. 22 , 23 We also describe that matrix detachment is associated with a similar glycolytic phenotype in L929 cells, resulting in loss of MHC-I expression and loss of sensitivity to CTL-mediated cytotoxicity, which can be recovered by treatments that force OXPHOS metabolism.
Results
r cells down-modulate MHC-I expression compared with parental cells EL4-r cells and L929-r cells were previously generated in our laboratories and their r status verified by different methods, such as confirmation of the absence of mtDNA, impairment in respiration, and resistance to menadione. 23, 24 As previously described, 2 r cells, which should be considered an extreme case of the "Warburg effect," showed lower levels of MHC-I expression (Fig. 1A) . EL4-r did not lose completely MHC-I expression, but showed a 45% of reduction in mean fluorescence intensity (MFI). We have also used another clone of EL4 cells, called EG7, that was obtained by transfecting the ovoalbumin (OVA) gene into EL4 cells. 25 EG7 cells expressed similar MHC-I levels than EL4 cells and higher than EL4-r cells (Fig. 1B) . Finally, L929 cells expressed similar MHC-I levels than EL4 cells and L929-r showed a reduction of around 50% in MFI (Fig. 1C) .
Lower MHC-I expression in EL4-r cells did not result in reduced sensitivity to CTL but increased sensitivity to activated syngeneic NK cells
We previosuly showed that EL4-r cells were equally sensitive than parental EL4 cells to granzyme B-or to primary antiviral CTL. This work also demonstrated that the apoptotic mechanisms used by cytotoxic cells to kill these tumors were not affected by the lack of OXPHOS in EL4-r cells. 23, 26 We confirmed these results using the cells described in Fig. 1 . Antiviral CTL were obtained from mice previously infected with the lympho-corio meningitis virus (LCMV), and tested on EL4 and EL4-r cells pulsed with the immunodominant LCMV peptide gp33, as a standard and physiological method described in previous works. 27, 28 For those experiments, we used wild type C57BL/6 mice or granzyme A knockout mice, in which cytotoxicity on EL4 cells was only dependent on the perforin/granzyme B system. We have previously demontrated that the execution of this type of cell death was not dependent on mitochondrial ROS generation, that is impaired in EL4-r cells. 23 Both, EL4 and EL4-r cells were killed by the antiviral CTL derived from granzyme A knockout mice (representative experiment of Fig. 2A) or from wt mice (data not shown). Phosphatidylserine (PS) exposure, determined by annexin-V-FITC labeling, and loss of plasma membrane integrity, determined by nuclear staining with 7-AAD, were not significantly different on both cell lines after incubation with CTL from gzmA ¡/¡ mice. The effector to target ratio in these experiments was 10 to 1. However, only 10% of the CD8 C T cells recovered from infected mice recognized the viral peptide bound to H-2K b , 28 so the real effector to target ratio was lower, close to 1 to 1. Fig. 2B shows the summary of all experiments performed, indicating that no statistically significant difference in sensitivity to primary antiviral CTL could be observed between EL4 and EL4-r cells, in spite of the difference in MHC-I expression. Similar results were also obtained using the long-term allogenic CTL clone BM3.3 (data not shown).
We next analyzed the sensitivity of these cell lines to activated NK cells. NK cells from syngeneic gzmA ¡/¡ C57BL/6 mice were activated by in vivo injection of poly I:C, and 16 h later, NK cells were purified from spleens and tested against EL4 or EL4-r cells, in 2 h and 4 h assays. As shown in Fig. 3A , activated NK cells induced apoptosis in both cell lines. However, as shown in this representative experiment, EL4-r cells were more sentitive than EL4 cells, especially at the higher E:T ratios used. Fig. 3B shows the summary of all experiments performed, indicating that these differences were statistically significant. We also tested activated NK cells against EG7 and EL4-r cells, and observed again higher cytotoxicity on EL4-r cells (Fig. 3C) . This higher sensitivity to NK cells can be associated with the reduced MHC-I expression level, but it could be also related with a higher expression of ligands for NK cell activating receptors. We have tested this possibility for the ligands of NKG2D and NKp46 (NCR1), using NKG2D-Fc and NKp46-Fc chimeras, and, as shown in Fig. S1 , the expression of the ligands for these activating receptors were similar in both EL4 and EL4-r cells, indicating that the difference in sensitivity should be rather attributed to the reduced MHC-I expression level.
In vivo cytotoxicity assays
We next used an in vivo cytotoxicity assay to validate our ex vivo results. For that, we labeled the two target cells, EG7 and EL4-r cells, with different amounts of Cell Green Tracker (CGT), mix them at a 1:1 ratio, and injected into the mice peritoneum. We performed a peritoneal wash after 4 h and identified labeled cells. 6, 21 If the cell ratio changes after this short passage by the peritoneum means that one tumor cell is comparatively eliminated at a higher rate than the other, giving an idea on the relative in vivo clearance. The results of these experiments are not quantitative, since probably both types of cells are eliminated. As shown in the representative experiment of Fig. 4A , EL4-r cells were labeled with a higher CGT concentration than EG7 cells, and mixed at an approximative 1:1 ratio at the beginning of the experiment (initial ratio). After 4 h in the peritoneum and without previous poly I:C injection, EL4-r cells were spontaneously cleared at a higher rate than EG7 cells (Figs. 4A and B) . When NK cells were previously activated by in vivo poly I:C injection, the relative clearance of EL4-r cells with respect to EG7 cells was significantly increased (Fig. 4) , in agreement with the ex-vivo experiments shown in Fig. 3 .
To ensure that these in vivo observations were mediated by NK cells, we treated mice with an anti-asialoGM1 antiserum, a method that results in elimination of NK cells. 21, 29 As shown in Fig. 4C , while treatment with poly I:C in control mice resulted again in an increased relative clearance of EL4-r cells, in those mice treated previously with the anti-asialoGM1 antiserum, this relative clearance was substantially reduced. There is still some relative clearance in the absence of NK cells, but this in agreement with the existence of a basal level of relative clearance in the absence of NK cell stimulaton (see Fig. 4B ), that could be due to the action of other cellular population. The elimination of NK cells by the anti-asialoGM1 antiserum was confirmed by NK1.1 staining (Fig. 4D ).
L929-r cells become sensitive to cytotoxicity exerted by activated syngeneic NK cells
In the case of H-2 k L929 cells, since the LCMV/gp33 system only works in an H-2 b background, we needed to generate 
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allogeneic C57BL/6 CTL against C3H splenocytes. We performed similar experiments as those reported in Fig. 2 using these allogeneic CTL against L929 and L929-r cells and we did not find statistically significant differences in their sensitivity to these effector cells (representative experiment in the panels of Fig. 5A ; summary of all the experiments perforemd in the graphic below). When testing their sensitivity to activated syngeneic (C3H) NK cells, we found that while L929 cells were not very sensitive to their cytotoxicity, L929-r cells were very sensitive, at a similar level as the classical NK cell target YAC-1 (Fig. 5B, left panel) .
The increase in susceptibility to NK cells in r cells could also be due to changes in the expression of ligands of killer activating receptors such as NKG2D and NKp46 (NCR1). We have tested this possibility and observed that the expression of NKG2D and NKp46 ligands are similar in L929 and L929r cells (see Fig. 9B ), suggesting that the changes in MHC-I expression should predominate in the functional outcome observed.
Characterization of L929dt cells. Resistance to CTL and reversal by DCA
Matrix detachment has been associated with cellular energy stress, and metabolic adaptations have been described for anchorage-independent cell growth, including activation of the AMPK pathway. 30 These adaptations are characteristic of aggressive tumors and crucial for metastasis establishment. 30 We have generated a L929 sub-line, termed L929dt for "dettached," by collecting cells that completely and spontaneously dettached from the culture dish, and seeding and passaging them in the same conditions as parental L929 cells. These cells never reacquired the adherent phenotype. In their initial characterization, we found that L929dt cells had completely lost MHC-I expression (Fig. 6A) . This was associated, as expected, with resistance to allogenic CTL-induced cell death as compared with parental L929 cells (Fig. 6B) .
The absence of a functional mitochondrial electron transport chain (ECT) in r cells can be demonstrated by their resistance to the toxicity of menadione, a ketone that displaces ubiquinone from the ECT and kills cells through massive mitochondrial superoxide anion generation. 23 This was demonstrated in our previous work for EL4 and EL4-r cells 23 and is shown for L929-r cells in Fig. 6C , which, contrary to their respective parental cells, were not sensitive to menadione toxicity. Interestingly, L929dt cells were also resistant to menadione-induced cell death, indicating the presence of a mitochondrial disfunction in these cells (Fig. 6C) . Since MHC-I expression was regulated by OXPHOS-dependent ERK5 expression and activation, 2, 21 we also tested ERK5 expression by immunoblot in L929, L929-r and L929dt cells. Correlating with their complete loss of MHC-I expression, ERK5 expression was abrogated only in L929dt cells (Fig. 6D) .
DCA, an inhibitor of pyruvate dehydrogenase kinase (PDK1), forces cells to use OXPHOS to generate ATP. 2, 9 In EL4 cells, DCA decreased growth, while in the case of EL4-r cells, DCA completely abrogated it (Fig. 7A) . In addition, while DCA did not induce EL4 cell death during the 72 h of incubation, it induced death of r cells, in agreement with their complete dependence on glycolysis for survival (Fig. 7B, left panel) . Strikingly, L929dt cells were sensitive to DCA-induced cell death in a dose-dependent manner, while L929 were resistant, indicating that L929dt cells are highly glycolytic (Fig. 7B, right panel) . An alternative treatment to force tumor cells to perform OXPHOS is depleting glucose from the culture media and supplement it with pyruvate and malate as metabolites to support energy production. 2 This treatment is even more toxic for L929dt 
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Volume 4 Issue 1 OncoImmunology cells than DCA (Fig. 7B, right panel) , showing that DCAmediated effects were mainly dependent on a metabolic switch.
DCA, through OXPHOS metabolism and ERK5 activation, also results in the increase in MHC-I expression, 2 an approach that could be useful to increase tumor sensitivity to CTL. To confirm this possibility, we performed experiments using EL4 cells treated with DCA. DCA incubation for 72 h did result in an increase in MHC-I expression in EL4 cells (Fig. 8A) , but this did not result in an increase in sensitivity to antiviral CTL (Fig. 8B) . However, this increase in MHC-I expression did result in a partial reduction in sensitivity to activated syngeneic NK cells, that was statistically significant (Fig. 8C) . On the other hand, DCA did not affect the expression of NKG2D or NKp46 ligands on EL4 cells ( Fig. S2) . The reduced sensitivity to NK cells in DCA-treated EL4 cells was confirmed by in vivo cytotoxicity experiments (Fig. 8D) . These results are completely in agreement with those obtained using r cells, further confirming the connection between MHC-I expression, OXPHOS and change in sensitivity to activated NK cells. Since L929dt cells had lost completely MHC-I expression and sensitivity to CTL, this cellular model would be adequate to test if treatments that force OXPHOS and, consequently, induces MHC-I expression, recover their sensitivity to CTL. Fig. 7B showed that both DCA and Pyr/Mal treatments were toxic to these cells. However, after gating in the suriving cells, we observed an increase in MHC-I expression that correlated with increasing concentrations of DCA, with the maximal increase obtained after Pyr/Mal supplementation (Fig. 7C) .
We next investigated if allogeneic CTL increased their activity against cells using OXPHOS for ATP production. Unfortunately, only in cells supplemented with the lower DCA concentration (15 mM) the basal toxicity allowed us to continue these studies. In all other cases the basal percentage of apoptotic cells was too high to produce reproductible results after CTL incubation. Although the increase in MHC-I expression was moderate (see Fig. 7C ), we still observed a partial increase in sensitivity to allogeneic CTL (Fig. 6B) . These results confirmed the hypothesis that the combination of treatments that increased OXPHOS metabolism with CTL-mediated immunotherapy could be a new promising therapeutic approach. 10 Finally, we tested NK cells against L929dt cells, and we found that, in spite of its loss of MHC-I expression, they were not more sensitive to NK cell cytotoxicity than parental L929 cells (Fig. 9A) . We then tested the expression of ligands of the NK cell activating receptors NKG2D and NKp46 in the different cell types used. The expression of ligands for NKG2D was high, while the expression of ligands for NKp46 was almost undetectable in both L929 and L929-r cells (Fig. 9B) , indicating, as in the case of EL4/EL4r cells, that the higher sensitivity of L929-r cells to NK cells should be rather attritbuted to their lower MHC-I expression. However, the situation is different in L929dt cells, in which there is also no expression of NKp46 ligands but the expression of NKG2D ligands is substantially reduced if compared with parental L929 cells (Fig. 9C) , explaining their low sensitivity to NK cells.
Discussion
Tumor MHC-I levels are metabolically regulated and the tendency of tumor cells to use glycolysis over mitochondrial OXPHOS ("Warburg effect") results in fact in reduced MHC-I levels. This could result in escape from CTL control; or, on the contrary, in increased sensitivity to NK cell-mediated immunosruveillance. 4 Our present results, using an extreme case of the "Warburg effect," r cells, depleted of mitochondrial DNA and unable to perform OXPHOS, indicate that the increase in susceptibility to NK cells predominates in both EL4 and L929 models. This result is further validated by the use of DCA on EL4 cells, a drug that specifically targets glucose metabolism, that, through the increase in MHC-I expression due to OXPHOS usage, decreases sensitivity to NK cells but does not affect to However, the essential role of metabolic shift in tumorigenesis has been uncovered by mice bearing lysine to arginine mutations at three p53 acetylation sites (p533KR). The p533KR mutant is not competent for p53-mediated cell-cycle arrest, senescence and apoptosis. Mice bearing this construct do not succumb to spontaneous thymic lymphomas, while p53 null mice do. The p533KR mice retain the ability to regulate energy metabolism and reactive oxygen species (ROS) production. These findings underscore that metabolic regulation and antioxidant function activities are critical to block spontaneous tumorigenesis. 31 MHC-I reduction does not decrease sensitivity to CTL-induced cell death in r cells, perhaps because few MHC-I molecules are needed to activate CTL cytotoxicity. 32 The effective signaling complex in CTL is formed not only by the TCR, but also by the co-receptor CD8. Both of them bind to MHC-I expressed on the surface of the target cell. It has been calculated that virtually all syngeneic TCR interactions require CD8, which enhances the affinity for the TCR ligand by one million-fold or more.
33 CD8 contributes to the stabilization of the interaction, and also to signaling, by bringing p56 lck to the proximity of the engaged TCRs. 34 In addition, CD8 also contributes to increase the binding of CTL to target cells, because it is able to interact with non-cognate MHC-I or with nonstimulatory peptide-MHC-I complexes, especially after the CTL has been triggered by the TCR 35, 36 And looking from the other side, it has been demonstrated that the number of TCRs on a T cell can be reduced to 1/20th, and responses are still normal. However, in the case of NK cells, the alteration of MHC-I levels due to metabolic changes seems more determinant for the final outcome, at least in the extreme case of r cells. NK cellmediated cytotoxicity depends on a fine-tuned equilibrium between signals coming from activating and inhibitory receptors. 14, 17, 38 In most cases, MHC-I is the ligand for inhibitory receptors, mostly those belonging to the family of killer cell Iglike recetors (KIR). However, some KIRs isoforms, especially in humans, transmit activating signals. In this context, it is not strange that a small alteration of the equilibrium between activating and inhibitory signals given by a reduction or increase in MHC-I expression results in significant changes in the final outcome. As indicated above, the increase in susceptibility to NK cells in r cells could also be due to changes in the expression of ligands of killer activating receptors such as NKG2D and NKp46 (NCR1), but no significant differences exist between parental and r cells, suggesting that the changes in MHC-I expression should predominate in the functional outcome observed.
Activated syngenic NK cells also target the original EL4 tumor, although its relative MHC-I expression level is high. This observation is in line with our previous study, in which injection of EL4shERK5 cells, with low levels of MHC-I expression, resulted in massive activation of NK cells, which were afterwards able to protect against the original MHC-I-expressing parental EL4 tumor. 21 In vivo NK cell activation by poly I:C or by injecting tumor cells increase the expression of effector molecules, such as granzyme B, and, probably, of activating receptors. Usually only virus-infected or tumor cells express the ligands for these activating receptors, suggesting the use of activated NK cells for immunotherapy. 12, [18] [19] [20] 39 In any case, it should be noted that the functional outcomes analyzed in this work in the EL4/EL4-r and L929/ L929-r systems are due to a partial down-modulation of MHC-I, that still allows recognition by CTL.
Only L929dt cells completely lose MHC-I expression. Strikingly enough, matrix detachment in this subline is also associated with mitochondrial disfunction, loss of ERK5 expression and extreme glycolytic phenotype. This process is reminiscent of metastasis generation, 30 and more studies will be needed to characterize the molecular relationships between matrix detachment and glycolytic phenotype, for which L929dt cells will be extremely useful. In fact, the complete loss of MHC-I expression has been described in many human cancer metastasis, called "hard lessions," and, in those cases, tumor escape is mainly due to resistance to CTL. 7, 8 In this case, re-establishment of MHC-I levels on the tumor surface by DCA, pyruvate/malate or by metformin treatment 2,10,11 would be beneficial. Here we show that treatments that force OXPHOS result especially toxic for cells in which MHC-I expression is lost by metabolic means. However, surviving cells increased indeed MHC-I expression and re-established sensitivity to CTL cytotoxicity. This could be relevant in the clinic where a low percentage of tumor cells that escape chemo-and/or immunotherapy could be responsible of patient's relapse many months later. It could be reasoned that if tumor cells loss MHC-I, they will become more sensitive to NK cells. However, since L929dt cells reduced also the expression of ligands for at least the activating receptor NKG2D, they do not result especially sensitive to NK cells. This observation suggest that aggressive metastasis could become also resistant to NK cells by losing the expression of ligands for those activating receptors, and this has been reported in some clinical studies. 40 In addition, it has been reported that in vivo, NK cells could lack migration inside the tumor mass, especially in solid tumors already established and metastasized. 41 In fact, NK cells, as members of the innate immune system, are the first line of defense against tumor establishment.
42 Data from this work indicate that at this point, small changes in MHC-I expression will be important in determine tumor sensitivity to NK cell-mediated cytotoxicity. The adaptive antitumor immune response, mediated by CTL but also by CD4
C T cells, is slower, and will only take place efficiently in the presence of tumor danger signals that activate antigen-presenting cells to present tumor antigens. 43, 44 The tumor immunoediting model proposes that if an efficient adaptive antitumor response occurs, then there is a phase of equilibrium between the tumor and immune antitumor cells. 42 It was demonstrated that this phase of equilibrium exists, and that it is mediated by CTL and CD4
C T cells, but not by NK cells. 45 Hence, it seems that the lower MHC-I expression, related in tumors to their glycolytic phenotype, would allow tumors to avoid CTL control when the tumor is already established and arriving to the equilibrium stage and that the therapeutic interventions described in this work to increase MHC-I expression will be beneficial especially in this time window.
Recently, immunotherapy based in antitumor CTL stimulation was approved for prostate cancer (Sipuleucel-T) 46 and antibody-based blocking of CTL de-activation through CTLA4 or through the PD-1/PD-1L system, have given very promising results in clinical studies. [47] [48] [49] Drugs that induce an increase in MHC-I expression, i.e. DCA or metformin, could be combined with these treatments or with an adoptive cell transfer by selecting T lymphocytes with antitumor activity. 10 Hence, this therapy will combine metabolic drugs and immunotherapy, leading to a new approach to treat patients in relapse to standard treatments.
Materials and Methods
Cells and mice Inbred C57BL/6 (B6) and a mouse strains deficient for gzmA (gzmA¡/¡) bred on the B6 background, 28 were maintained at the CITA (Agrifood Research and Technology Centre of Aragon). Mice from the C3H strain (CRIFFA, Barcelona) were maintained at the Unidad Mixta de Investigaci on from Universidad de Zaragoza. All experimental work involving mice was performed according to FELASA guidelines under the supervision and approval of "Comite Etico para la Experimentacion Animal" (Ethics Committee for Animal Experimentation) from CITA or Universidad de Zaragoza.
The mouse tumor lines EL4, EL4r , EG7, L929 and L929r were used as target cells. EL4 and EG7 cells were cultured in in RPMI-1640 medium supplemented with 5% or 10% heat-inactivated FBS. The EL4r cell line was cultured in RPMI-1640 medium supplemented with 10% heat-inactivated FBS, 4, 5 mg/ mL glucose, 100 mg/mL sodium pyruvate and 50 mg/mL uridine. The L929 cell line was cultured in DMEM medium supplemented with 10% heat-inactivated FBS. The L929r cell line was cultured in DMEM supplemented with 10% heat-inactivated FBS, 4, 5 mg/mL glucose, 100 mg/mL sodic piruvate and 50 mg/mL uridine. The absence of mtDNA in the r cell lines was confirmed previously by qPCR.
23,24
Determination of MHC-I and of NKG2D and NKp46 ligands surface expression by flow cytometry 2 £ 10 5 cells were stained for 15 min at 4 C with anti H-2K b -FITC, anti-H2K k or isotype control (rabbit IgG-FITC) in 100 mL PBS 5% FBS. Both antibodies were obtained from BD Pharmigen. The expression of NKG2D ligands was performed using a murine NKG2D-human Fc chimera (R&D systems, Minneapolis, USA ) and a secondary FITC-labeled anti-human IgG. The expression of NKp46 (NCR1) ligands was performed using a human NKp46-human Fc chimera, kindly provided by Dr. Miguel L opez-Botet (IMIM, Barcelona) and a secondary FITC-labeled anti-human IgG. The cross-reactivity of human NKp46 with murine ligands was described previously. 50 Cells were washed and analyzed on by FACSCalibur flow cytometer (BD Biosciences) using CellQuestPro software (BD Biosciences).
Ex vivo cytotoxicity assays using CTL or activated NK cells Antiviral CTL were generated by infection with 10 5 pfu LCMV-WE i.p. according to established protocols. 27, 28 On day eight after infection, spleen CTL were isolated by positive selection using anti-CD8a magnetic beads (Miltenyi Biotec). Purified CTL cells were labeled with 1 mM Cell Tracker Green (CTG) (Invitogen) according to the manufacturer´s instructions, and target cells were pre-treated with the LCMV-immunodominant peptide gp33. Once isolated and labeled, CTL and target cells were incubated in RPMI 5% heat-inactivated FBS in a 96-wells plate at the corresponding E:T ratios in a final volume of 200 mL. After incubating for the specific time in each experiment at 37 C, different apoptotic parameters were tested in the target population (CTG negative cells) by fluorescence activated cell sorting with a FACSCalibur (BD) and CellQuest software. PS exposure was analyzed using annexin V-DY634 and DNA damage was measured using 7AAD, both from Immunostep.
For the generation of allogenic CTL, spleen cells from C3H mice (stimulatory cells) were treated with 25 mg/mL mitomycin C for 25 min at 37 C. After three washing steps with RPMI medium supplemented with 5% heat-inactivated FBS, cell were mixed with spleen cells from C57BL/6 (effector cells) in 40 mL of MEM supplemented with 10% heat-inactivated FBS, b-mercaptoethanol and 10% X63Ag8 cell line supernatant containig murine IL-2, and incubated at 37 C for 4 d After that, CD8 C cells were isolated and labeled, incubated with target cells and cell death analyzed as indicated above. For the generation of activated NK cells, mice were injected i. p. with 0.1 mg poly-IC (Sigma) in 0.1 mL PBS 16 h before the assays. Then, spleen NK cells were isolated by positive selection using anti-DX5 magnetic beads (Miltenyi Biotec). Purified NK cells were labeled with 1 mM CTG (Invitogen) according to the manufacturer´s instructions. Once isolated and labeled, NK cells and target cells were incubated in RPMI 5% heat-inactivated FBS in a V-bottom 96-wells plate at the corresponding E:T ratios in a final volume of 200 mL. After incubating for the specific time in each experiment at 37 C, different apoptotic parameters were tested in the target population (CTG negative cells) by fluorescence activated cell sorting with a FACSCalibur (BD) and CellQuest software. PS exposure was analyzed using annexin V-PE and DNA damage was measured using 7AAD, both from Immunostep.
In vivo cytotoxicity assays For in vivo cytotoxicity assays, 5 £ 10 5 cells were labeled with 0,5 mM CTG (CTG low) or 5 mM CTG (CTG high ). Labeled target cells were injected i.p. in 200 mL RPMI 2% heat-inactivated FBS in untreated mice or in mice previously injected (¡16 h) i. p. with 0.1 mg poly-IC in 0.1 mL PBS. Mice were sacrificed 4 h later and peritoneal cells were collected, washed in PBS, and analyzed on a FACSCalibur flow cytometer (BD Biosciences). In some experiments mice were injected with 50 mL of polyclonal rabbit anti-asialo GM1 serum (Wako Chemicals) or the same amount of rabbit serum control at days -2 and 0 before injecting labeled cells. Peritoneal exudates cells were obtained 4 h later and CTG C cells were analyzed by flow cytometry.
Supplementation with DCA or pyruvate/malate
In certain experiments, cells were incubated in RPMI 1640 that contains 2 mM glutamine and 25 mM glucose, with or without DCA (Sigma) at diferente concentrations, between 15 and 25 mM. In other experiments, cells were cultured in glucose-free RPMI-1640 medium (PAN Biotech) supplemented with 4 mM glutamine plus 12.5 mM each of sodium pyruvate and malate. Cells were cultured in these mediums for 3 d, cell growth and cell death was controlled by counting of Trypan blue negative and positive cells, and after that, MHC-I surface expression and ex vivo and in vivo cytotoxicity assays were carried out as indicated above.
ERK5 immunoblotting 10
6 cells were washed in PBS and lysed in a buffer containing 1% Triton X-100 during 15 min on ice. Soluble protein fractions were recovered by centrifugation, separated by SDS polyacrylamide gel electrophoresis (14%) and transferred onto PVDF membranes. ERK5 expression was analized by using a rabbit anti-ERK5 antibody (Cell Signaling, Beverly, USA), incubated overnight at 4 C and 1/500 dilution. Then, after a washing step, blots were incubated during 1 h at room temperature with secondary anti-rabbit antibody conjugated with HRP and revealed by chemilumiscence (Amerhsam ECL kit).
Stastitical analysis
Results are shown as average § SD and statistical significance was evaluated using the Student t test. Differences were not considered as significant if p values were 0.05.
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